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Abstract: Atomic force microscopy (AFM) is traditionally used as an imaging technique to gain qualitative
information for a biological system. We have successfully used the imaging capabilities of the AFM to determine
protein—protein association constants. We have developed a method to measure the molecular weight of a
protein based on its volume determined from AFM images. Our volume determination method allows for
rapid, accurate analysis of large protein populations. On the basis of the measured volume, the fraction of
monomers as dimers was determined for the DNA helicase UvrD, and the dissociation cddgtémt the

helicase was calculated. We determinadydor UvrD of 1.4 uM, which is in good agreement with published

Kqy data obtained from analytical ultracentrifugation (AUC) studies. Our method provides a rapid method for
determining proteifprotein association constants.

Introduction have taken advantage of this latter property to make quantitative
measurements of intra- and intermolecular forces in biological
systemdg%-1° On the other hand, the imaging capabilities of the
AFM have not been utilized for determining thermodynamic
parameters. In this paper, we demonstrate that AFM provides a
rapid method for determining proteiprotein association

constants.

Essentially all regulatory processes within a cell involve
protein—protein interactions. Various methods have been de-
veloped to study the thermodynamics of these interacfions.
These methods include analytical ultracentrifugation (AUC),
isothermal titration calorimetry (ITC), surface plasmon reso-

nance (SPR), and a variety of spectrophotometric techniques. . .
Despite being reliable and accurate, these methods have Because AFM produces topographical images, it has been

Iimitgtions. For example, high poppentratipns of sgmple are gotss'bl.e tczjrflate:'g/lmoleczgz\zve|gh|t.toft.a protlelnto Its \llolyme
required for AUC and ITC, limiting their capability for te(ejz_rmmﬁ rorg 'm?jgt ) hQua|;a_1|ve vo_urrtl_e anatyt3|s ¢
measuring tight binding interactions. Spectrophotometric tech- studies 2122/8 een used fo show oligomerization states ‘o
nigues require a change in absorption or emission upon proteins™ I.n principle, this tgchnqu_Je can a!sq give quantita-
association. The use of SPR can be limited by nonspecific tive information such as proteirprotein association constants.
binding of proteins to its detection surface. In this paper, we In th's. paper, we pres_ent a rap_ld me_thod usmg_volume analysis
present a volume analysis technique utilizing atomic force techniques to determine proteiprotein association constants.
microscopy (AFM) to study proteinprotein interactions. We demonstrate that the volume of a protein, as measured by
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AFM, depends linearly on the molecular weight for seven ! 00
different proteins ranging in molecular weight from 41 000 to :
670 000. We determined the dimerization constant of the DNA
helicase UvrD, which plays an essential role in both methyl-
directed mismatch repair and base excision ref&f.

2.0 nm

Materials and Methods

Materials. E. coli UvrD helicase was a gift from Steve Matson in
the Department of Biology at the University of North Carolina at Chapel
Hill. The following proteins were used as molecular weight standards:
Alcohol dehydrogenase, Bovine serum albunfirgmylose Thermus
thermophilusRNA polymerase, Apoferritin, and thyroglobulin.

Atomic Force Microscopy Imaging. Imaging was performed with
a Nanoscope llla instrument (Digital Instrument, Santa Barbara, CA)

using Tapping mode in air. Nanosensor Pointprobe noncontact/tapping _. .
mode sensors (Molecular Imaging, Inc., Phoenix, AR) with spring Figure 1. AFM Image of UvrD at 50 nM. The image shows proper

constants of 48 N/m and resonance frequencies of 190 kHz were useosurface coverage for vc_)lume analysis. A deposition t_ime of 30 s was
for all imaging. The proteins were equilibrated at% for 15 min in used for this concentration of UvrD. The surface plot (inset) represents
20 mM Tris-HéI (pH 8.3), 0.2 M NaCl, 20% glycerol, 1 mM EDTA the rectangle area within the image. Arrows in the inset point to dimers;

and 15 mMg-mercaptoethanol. The equilibrated proteins were depos- the other proteins within the inset are monomers.
ited onto freshly cleaved mica (Spruce Pine Mica Co. Spruce Pine
NC), washed with deionized distilled water, and dried with a stream
of N(g). To obtain the proper surface coverage, the deposition time
varied between 5 and 60 s depending on protein concentration. All root of the protein population
Images were collected at a scan rate of 3.0 Hz and a scan sizenof 1 Determingtion oprsF)sociatidn ConstantsTo determine the dimer-
This scan size was determined to give accurate volume information. ization constant for UviD. the orotein Was deposited at different
Volume Analysis. Three steps are required for determining protein . . p P :

volume from AFM data: (i) image planefitting, (ii) image analysis concentrations, a set (_)f images was coIIected_at eagh concentration,
and (iii) volume calculation. To ensure a flat background before image and _each set was subjected to volume analysis. A hlstograr_‘n plot of
analysis, the image is flattened and planefitted by using the microscope’sthe filtered protein volumes was generated for each concentration. From

- - - - “the volume histogram, the fraction of dimers is determined by counting
analysis software (Digital Instrument, Version 4.42r4). Image analysis the number of proteins that have volumes consistent with the molecular
is performed with the freeware program ImageSXM (based on NIH P

. i . weights of the monomer and dimer species (see Results and Discussion).
Image developed at the National Institutes of Health), which allows The dimerization constant is then calculated by analyzing data from
raw image files to be opened without losing image informatfon. Y yzing

(ImageSXM is available for download at http://reg.ssci.liv.ac.uk/.) The depositions at several different protein concentrations and using eq 2,
key steps for volume analysis are discussed below while a detailed P

description illustrating each step using ImageSXM is provided in the (f21-1))=Kgc (2
Supporting Information.

The first step in image analysis is to determine the height of the WhereK, is the association constari{= [UvrD,]/[UvrD]?), c is the
surface §), which is generally nonzero. This surface height must be concentration of protein monomers, afnd the fraction of monomers
subtracted from the measured height of each protein before volumeas dimers. Equation 2 applies to protein homodimers and is analogous
determination. After the surface height is measured, each protein is to the method used to determine association constants for nucleic acid
then highlighted individually using the density slice utility in Image- ~ duplexes from melting curvé8 An analogous equation exist for protein
SXM. The density slice selects the pixels above the surface that heterodimers? Because the dissociation constay, is equal to the
represent the proteins to be analyzed. The image analysis function ininverse of thek, a plot off/2(1 — )? versusc (Figure 4) yields the&q
ImageSXM scans the image and selects all of the highlighted proteins as the inverse slope of the line.
within the density slice. Analysis of each protein within the slice is ) )
then performed. In addition to height and area information, which permit Results and Discussion

the calculation of the protein volume, ImageSXM calculates the major AFM Volume Depends Linearly on Molecular Weight. A
and minor axes by fitting the cross-section of each protein to an ellipse. . . . 2
eries of protein molecular weight standards was imaged and

As discussed below, these latter values can be used to remove error h tei | det ined. Fi 1sh ideal surf
from the data set. The volume for each prote,is calculated by € protein volumes aetermined. Figure L shows an ideal suriace

multiplying the aread;, by the corrected average height (total average coverage for volume analysis. Surface coverage should be low

' To assess the effect of filtering, histograms are generated using several
different “cutoff” values for the minor:major axis ratio. Generally, the
number of bins used in each histogram is approximately the square

height, M;, minus surface heigh®) enough so that the protein does not coat the entire surface but
high enough so that volume analysis may be performed quickly.
Vi=AM, — 9 (1) The measured AFM volumes, calculated using eq 1, of each of

the proteins were distributed in a Gaussian fashion. The volume

Data Filtering. At high surface coverage, the density slice utility gnd its uncertainty for a given pro[ein were taken to be the
cannot distinguish between dimers and two proteins that are close toaverage and standard deviation of the distribution, respectively.
one another. The image analysis software highlights these closely Figure 2 shows a plot of the volume of the protein standards

positioned proteins as a single protein. Visual inspection of these | oo thair molecular weights. The data are fit well by a straight
proteins clearly shows that they are two single proteins on the surface. . o .
line, indicating that the AFM volume of a protein depends

Because ImageSXM fits the protein shape to an ellipse and provides . ; . .
the major and minor axes, the data can be corrected easily by limiting 'iN€@rly on its molecular weight, as has been observed previ-

the value of the ratio of the major axis to minor axis. For example, a 0us|y.23'_24 This_ linear relationship is not highly dependent on
major:minor axis ratic> 2 indicates that the proteins are not associated. the particular tip employed, because these images were collected
A histogram of the corrected volume data is generated for each image.with several different cantilevers; however, all of the cantilevers

(25) Modrich, P.Sciencel994 266, 1959-1960. (28) Cantor, C. R.; Schimmel, P. R.Biophysical ChemistryBartlett,
(26) Sancar, ASciencel994 266, 1954-1956. A. C., Ed.; W. H. Freeman and Company: San Francisco, 1980; pp-1183
(27) Barrett, S. ImageSXM software, Version 1.62, 1999. 1264.
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1200 (within 10% of the known value) predicted from the standard
curve in Figure 2. (unpublished data) Volume analysis of one
e 1000 of these proteins showed two distributions: one consistent with
£ the molecular weight of the trimer and the other consistent with
o 800 4 .
£ the molecular weight of the hexamer. The trimbéexamer
2 600 equilibrium indicated by the volume analysis data is collaborated
5 by gel filtration and AUC studie¥® These results further
§ 400 demonstrate that the linear fit is quantitative and that it is not
g very sensitive to the user, tip employed, or the particular protein
200 being analyzed. It is possible, however, that the slope and
o S intercept of the line may depend on the brand of tips or AFM
0 100 200 300 400 500 600 700 800 instrument employed. Consequently, a standard curve using at
Molecular Weight (kDa) least a few proteins should be generated prior to using this
Figure 2. Plot of calculated protein volume versus molecular weight; technique for determining the oligomerization states of proteins.
Alcohol dehydrogenase&), 83), Bovine serum albumiriy, 97), UvrD For consistent volume analyses, imaging parameters must remain

monomer M, 1678), UvrD dimer ¢, 178),3-amylose ¢, 73), RNA constant. Unlike optical microscopy techniques, the AFM
polymerase X, 44), Apoferritin (-, 344), thyroglobulin £, 37). The obtains an image through direct physical contact with the
number within the parentheses represents the number of proteinssamp|e; a small tip attached to a cantilever traces the topography
ane_nlyz_ed. The_line represents th_e Weightgd least-squares fit of the datagf 1he sample. Because AFM images result from physical
which is described by the following equatiok: = 1'31_(MW)_ 250, interactions, forces between the tip and sample must be kept at
whereV is volume and MW is molecular weightR{ = 0.990.) The . . S L
error bars represent the standard deviation of the distribution. a mlnlmum ,an(.j ConSISt_ent' For the oscillating mode in air, t.he
drive and clipping amplitudes should be set as low as possible
to minimize normal forces exerted on the sample. This procedure
was especially important for imaging the proteins used in the
standard curve in Figure 2. High forces exerted by the tip distort
and compress soft samples such as proteins, resulting in a
marked decrease in the protein’s volume (data not shown). Large
proteins generally are more sensitive to imaging parameters.
The reason for this sensitivity probably results from both a
greater interaction between the tip and protein and the greater
conformational flexibility of larger proteins. This dependence
{etween the measured volume and imaging parameters may
AFM volume on protein molecular weight is robust, especially contribute to the greater uncertainty in the volume of the three

for proteins with a molecular weight less than 200 000 (Figure largest proteins in Figure 2.

2). This dependence indicates that AFM volumes can be used Dissociation Constant for UvrD. To determine the dimer-
to reliab|y estimate the molecular We|ghts and determine ization constant for UVI’D, Images of UvrD deposﬂed at different

association states of proteins. concentrations were collected and volume analysis was per-
formed for each set of images. Prior to analysis, the deposition
time that produced optimal surface coverage was determined
for each protein concentration. The data were filtered to remove
false positives of dimers using major:minor axis ratio cutoff
values ranging form 1.5 to 2.0. Histogram plots of the volume
of the proteins were generated for each cutoff value. A typical
histogram of the molecular volumes for UvrD using a cutoff

were from the same supplier, and therefore the tip geometries
probably do not vary significantly. This linear dependence is

not necessarily expected because the AFM image is a convolu-
tion of the tip geometry and the surface topography as well as
surface-tip interactions. It may result from fortuitous compen-

sating effects of imaging and image processing. Specifically,
the protein height measured by AFM is generally less than the
actual height due, in part, to the flattening procedure, while the
protein width is overestimated due to the finite tip size.

Irrespective of the underlying causes, the linear dependence o

Previous studies have shown a linear relationship between
the measured volume and the molecular weight of prot&ifs.
Schneider et al. showed this linear relationship using eight
proteins with molecular weights ranging from 38 000 to
900 0002 The method employed in their study was time-
consuming, so only a few molecules for each protein were
measured. The number of molecules measured for each mo : ; . ;.
lecular weight standard ranged from 6 to 22 proteins, making V&lué of 1.5 is shown in Figure 3. For determining the
these data sets to small to do reliable statistical analyses. In®ligomerization state of a protein, the two distributions should
addition, they modeled the proteins as a segment of a spherémt overlap significantly ywth eaph other. The h|§togram (?Iearly
on a surface to determine the volume, making their technique shows two separate distributions:  one conS|stent. with the
inapplicable to proteins that are not globular. In our analysis molecular We|ght.of the monomer ar.ld the other cor!5|s_tenF with
method, height and areas are measured directly and no model he molecular Welght of the dlmgr (Figure 2).. Both d|§tr|but|ons
are assumed, making the volume measurements relatively"@ve alGaussmn shape, allowing the fraction .of dimers to be
insensitive to the geometry of the proteins. In a second study, détermined by counting the number of proteins under each
Bustamante and co-workers used a volume analysis methodcUrve- Generally, a protein population of 300 to 1000 is
similar to the one employed here to distinguish dimers and Sufficient to produce a reliable measure of #i¢ The Kq is
tetramers of NtrG# In their study (unlike Schneider’s), they then calculated using eq 2. Using these data and eq 2, the
measured a large population of molecules for each protein, putdimerization constant of UvrD was determined from the graph
only analyzed three proteins to generate a standard curve. Oufh Figure 4. Thekq ranges from 1.4M at a major:minor axis
method for volume analysis allows for a large population of ratio cutoff value of 1.5 to 0.zM at a major:minor axis ratio
proteins to be analyzed quickly, and a linear dependence oncutoff value of 2.0. These res_ults are in good agreement V\_nth a
protein volume and molecular weight was found for many Kd¢ value of 3.4uM d(gtgrmlne_d under the same solution
different proteins ranging from 41 000 to 670 000. In addition Conditions using AUC? indicating that the AFM volume
to this study, four additional proteins and proteprotein (29) Xue, Y.. Erie. D. A Redinbo. M. R. Manuscript in preparation
complexes of known molecular weight have been investigated  (30) Mechanic, L. E.; Hall, M. C.; Matson, S. W. Biol. Chem1999
by several different individuals, and their volumes were correctly 274 12488-12498.
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300 molecular weight8! The agreement between our results and
those from AU indicates that these factors do not play a
250 significant role in our experiments.
" To our knowledge, this is the first time a single-molecule
§ 20 technique has been used to determine pretpiotein associa-
2 tion constants. Earlier studies used volume analyses to determine
5 150 the oligomerization state of proteffdut no studies have used
ié" AFM to determine an association constant. This study expands
3 10 the utility of the AFM as a quantitative tool for studying
biological systems. This technique can also be used to study
50 the assembly state of proteins that cannot be studied using other
techniques. Often it is useful to measure protgnotein
04 association constants under a variety of solution conditions to

0 30 60 90 120 150 180 210

N understand how ionic strength and the addition of ligands, such
Molecular Volume (nm™)

as ATP, alter a protein’s oligomerization state. Many proteins,
Figure 3. Gaussian fit of the volume histogram for UvrD (250 nM).  however, do not remain soluble in these solutions at the high
The_ solid lines are Gaussian fits of the volume d_ata for MONOMErs ¢oncentrations often required ity determination. By using
(solid bars) and dimers (ha_tched bars). Each species was fit |ndep¢n-the AFM, much lower protein concentrations may be used, thus
dently. The number of proteins under each curve represents that species’ .” . . L . . !
population, ellmln_atlng the solut_)|_l|ty problems associated with other reliable

techniques. In addition, ligands such as ATP that have large
extinction coefficients in the UV can interfere with techniques
that employ UV detection or excitation. Finally, because AFM
visualizes all species present, it is possible to detect minor
species. For example, if less than 10% of the sample is in the
higher association state, it will be evident in a single molecule
analysis but not in bulk solution techniques.

f12(1-)?

Conclusion

Our method of volume determination allows for rapid analysis
of a large population of proteins. Previous studies have shown
a linear relationship between protein volume and molecular
weight; however, these studies either dealt with a small
population of molecules of each protein or analyzed only a few

¢ 5 100 150 200 250 300 proteins?9-24 We observe a linear relationship between protein

[UvrD] (nM) volume and molecular weight with both many different proteins

Figure 4. Representative plot used fsg determination. The data set ~ and large protein populations (Figure 2). Furthermore, we found
represents UvrD data using a major:minor axis ratio cutoff value of the dependence of AFM volume on molecular weight to be

1.5.Kq is calculated to be 1.4M. [UvrD]: 10 (@), 15 (#), 100 (v), insensitive to the particular protein being imaged, the user, or
150 @), and 250 nM 4). TheKq is the inverse slope of the line and  the tip being employed. Because large protein populations can
is 1.4uM for the data shown and decreases to @M if the major: be analyzed using our method, the statistical analysis is more

minor axis ratio cutoff value is increased to 2. reliable. Other methods for volume determination prevent the

o ) o . ) analysis of large data sets due to the time-consuming methods
analysis is a reliable method for determining protgumotein  ysed to calculate the protein’s volurfIn addition, because
association constants. N . ImageSXM provides elliptical parameters, it is possible to
~ Factors that affect the surface deposition of proteins may qyickly distinguish dimers from proteins that have coincidentally
influence the measured association constant. Two factors argznged next to one another. Using this method we have suc-
interaction of the proteins with the surface and diffusional cessfully determined thi€; for the helicase protei. coli UvrD.
properties of the proteins. First, if protein deposition occurs by This method adds to the arsenal of techniques available to
an equilibrium process, surface interactions with these proteins neasure binding constants. In closing, AFM provides a powerful
could perturb the proteinprotein association equilibria. This 50| for determining the oligomerization states of proteins,
effect can be tested by using surfaces with different properties, measuring proteinprotein association constants, and detecting

such as _silicon or graphite. In genergl, this factor is_ not a minor species, which could be important functionally.
problem in our studies because on mica, most proteins bind

irreversibly over the time scale of the deposition. Because the Acknowledgment. We thank Professor Steve Matson of the
binding is irreversible, the association equilibrium should not University of North Carolina at Chapel Hill for supplying UvrD
be perturbed and, therefore, the population of molecules on thehelicase. This work was supported by NIH grants GM54136
surface should accurately represent the solution population.and ES09895.

Second, if the oligomerized protein diffuses significantly more Supporting Information Available: Detailed method of

slowly than the monomer, its population could be underrepre- X . . T )
sented in an AFM image if very short deposition times are used. data analysis using ImageSXM (PDF)'_Th'S material is available
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This effect would decrease the apparent association constant.
Fortunately, diffusional factors should only become important JA005750N
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